as compared to Fc control protein (Fig. 2F) . Similarly, ICAM-1-Fc reduced neutrophil recruitment into the peritoneum (Fig. 2F) .
To provide further evidence for the role of Del-1 in inflammatory cell recruitment in vivo, we performed intravital microscopy using the dorsal skinfold chamber model (16) . Del-1 −/− mice displayed increased numbers of leukocytes adherent to postcapillary venules both in the baseline condition and upon tumor necrosis factor-a (TNF-a) stimulation (Fig. 3, A and B) . Besides firm arrest, the interaction between LFA-1 and ICAM-1 contributes to slow rolling processes (17) . A significant decrease in rolling velocity accompanied by an increase in the fraction of slowrolling leukocytes was observed in Del-1 −/− mice (Fig. 3, C and D) .
We further studied whether Del-1 could regulate inflammatory cell recruitment in vivo, by performing LPS-induced lung inflammation. Del-1 −/− mice displayed significantly higher accumulation of neutrophils in the bronchoalveolar lavage (BAL) fluid than did WT mice (Fig. 4A ). LFA-1 −/− mice displayed reduced neutrophil accumulation in the BAL upon LPSinduced lung inflammation ( Fig. 4A) (18, 19) . The increased neutrophil recruitment in vivo due to Del-1 deficiency required the presence of LFA-1, because neutrophil accumulation in the BAL in Del-1 −/− LFA-1 −/− mice equaled the accumulation of these cells in LFA-1 −/− mice (Fig. 4A ). The increased leukocyte recruitment due to Del-1 deficiency could not be attributed to an alteration in peripheral blood counts, because constitutive leukocyte numbers were comparable in WT and Del-1 −/− mice ( fig. S4 ). In addition, intravenous administration of soluble Del-1 efficiently reversed the increased neutrophil recruitment in Del-1 −/− mice (Fig. 4B ). Furthermore, Del-1 deficiency resulted in an up-regulation of baseline ICAM-1 protein expression by lung endothelial cells, which was overridden upon TNF-a stimulation, whereas vascular cell adhesion molecule-1 (VCAM-1) expression was unaffected ( fig. S5 ). No significant increase in ICAM-1 expression, under baseline or inflammatory conditions, was found in Del-1 −/− lungs ( fig. S6 ), suggesting that altered ICAM-1 expression is not involved in the increased leukocyte recruitment to Del-1 −/− lungs. Moreover, whereas the increased neutrophil recruitment to the lung upon Del-1 deficiency was completely reversed by leukocyte LFA-1 deficiency (Fig. 4A) , the inhibition of ICAM-1 by a blocking mAb (18, 20) decreased neutrophil recruitment by the same extent in both WT and Del-1 −/− mice (Fig. 4C) , suggesting an involvement of other LFA-1 ligands. Thus, Del-1 deficiency enhances LFA-1-dependent leukocyte recruitment in vivo.
We found that Del-1 acted in an anti-inflammatory fashion; however, the expression of Del-1 in inflammation has not been demonstrated. Thus, we analyzed Del-1 mRNA expression in the lung and in endothelial cells upon inflammatory stimulation. Upon LPS administration, lung Del-1 mRNA was significantly reduced (Fig. 4D) . Likewise, TNF-a stimulation of endothelial cells induced a significant decrease in Del-1 expression ( fig. S7) .
Endogenous inhibitors exist in many aspects of inflammation and immunity (21, 22) , attenuating exuberant inflammatory and immune activation. The existence of endogenous inhibitors in the leukocyte adhesion cascade, a central paradigm of inflammation and immunity, has been unclear. In this study, endothelially derived Del-1 was shown to intercept LFA-1-dependent leukocyteendothelial interactions. Given the importance of LFA-1-dependent leukocyte recruitment in several inflammatory and autoimmune disorders (13, (23) (24) (25) , Del-1 may provide a platform for designing novel attractive therapeutic modalities to target leukocyte-endothelial interactions in disease. The protein modifier ubiquitin is a signal for proteasome-mediated degradation in eukaryotes. Proteasome-bearing prokaryotes have been thought to degrade proteins via a ubiquitinindependent pathway. We have identified a prokaryotic ubiquitin-like protein, Pup (Rv2111c), which was specifically conjugated to proteasome substrates in the pathogen Mycobacterium tuberculosis. Pupylation occurred on lysines and required proteasome accessory factor A (PafA). In a pafA mutant, pupylated proteins were absent and substrates accumulated, thereby connecting pupylation with degradation. Although analogous to ubiquitylation, pupylation appears to proceed by a different chemistry. Thus, like eukaryotes, bacteria may use a small-protein modifier to control protein stability.
S imilar to the eukaryotic 20S proteasome, the Mycobacterium tuberculosis (Mtb) proteasome is a multisubunit barrel-shaped protease composed of two rings of catalytic b subunits sandwiched by rings of a subunits (1) (2) (3) (4) (5) . The eukaryotic 26S proteasome is composed of a 20S core particle and one or two 19S regulatory caps, which include adenosine triphosphatases (ATPases) that recognize, unfold, and translocate substrates into the core for degradation [reviewed in (6) ]. In Mtb, Mpa (Mycobacterium proteasome ATPase) shares homology with regulatory cap ATPases. Substrates of the Mtb proteasome have been identified (7), but it remains unclear how they were targeted for degradation. Proteins delivered to the eukaryotic proteasome are usually conjugated with REPORTS on July 1, 2009 www.sciencemag.org ubiquitin, which covalently attaches to substrate lysines (Lys) as well as onto ubiquitin itself [reviewed in (8) ]. Genes encoding ubiquitin-like proteins (Ubls) have not been identified in the Mtb genome.
To further define the Mtb proteasome system, we looked for proteins that interacted with Mpa using an Escherichia coli bacterial two-hybrid system (9, 10) . A fusion protein that encoded the last 26 amino acids of Rv2111c (here referred to as "Pup") interacted with the Mpa bait fusion [ Fig. 1A (10) ]. Full-length Pup also specifically interacted with Mpa (Fig. 1A) . The pup gene has been identified (11, 12) , but the function of Pup was unknown. pup homologs have so far only been identified in Actinobacteria by BLAST search (13) . In Mtb, pup is part of a putative operon with the proteasome core genes prcB and prcA ( fig. S2 ). pup is predicted to encode a 64-amino acid protein with a molecular size of 6.9 kD (GenBank accession number EU914921). Recombinant Pup purified from E. coli migrated to a position around 15 kD in a denaturing polyacrylamide gel (Fig.  1B) ; however, certain Ubls, like SUMO-1, migrate more slowly than expected (14, 15) .
We then tested the Pup/Mpa interaction in vitro using nickel-nitrilotriacetic acid (Ni-NTA) agarose bound with purified His 6 -Pup, and Pup was able to bind Mpa (Fig. 1B) (10) . Mpa was not retained by agarose that had first been incubated with E. coli lysate or with SigE-His 6 , a Salmonella typhimurium protein that is similar in size and charge to Pup (16) . Thus, Pup specifically and noncovalently interacted with Mpa in an E. coli lysate under native conditions.
Additional genetic and biochemical experiments with E. coli to test for interactions between Pup and other Mtb proteasome components were unsuccessful. Thus, we hypothesized that E. coli lacked cofactors that were necessary to promote certain Mtb protein-protein interactions. We therefore used a mycobacterial protein fragment complementation assay (17) to test for interactions between various Mtb proteasome components and substrates in Mycobacterium smegmatis (Msm). Surprisingly, we observed a strong positive interaction between Pup and the proteasome substrate FabD [malonyl coenzyme A acyl carrier protein] (Fig.  1C) . To confirm the interaction, we expressed constructs encoding FLAG-FabD and His 6 -Pup in Msm. Antibodies to FLAG (anti-FLAG) detected purified FLAG-FabD at the predicted size of~30 kD (Fig. 1D) . Unexpectedly, His 5 -specific antibodies detected a purified~45-kD species when FLAG-FabD and His 6 -Pup were coproduced in mycobacteria (Fig. 1D) . We also observed the~45-kD band upon a longer exposure with anti-FLAG ( fig. S3A ). This~45-kD species, probably representing a Pup~FabD complex, was highly stable because it was maintained under reducing and denaturing conditions. When FLAG-FabD was purified from an E. coli strain making His 6 -Pup, we were unable to detect the~45-kD species ( fig. S3B) . Thus, Pup interacts with an Mtb proteasome substrate in a manner that is not supported in E. coli, and requires Mycobacterium-specific factors.
The formation of a stable complex between our model substrate FabD and Pup was reminiscent of the covalent attachment of ubiquitin to proteasome substrates in eukaryotes. Sequence and structural prediction comparisons between Pup and ubiquitin showed no overall homology. However, we noticed conservation of either of the basic amino acids arginine (Arg) or Lys, followed by two glycines (Gly) at the C termini ( Fig. 2A) . This di-Gly motif is conserved in most members of the ubiquitin-like protein family, and is usually followed by one or more amino acids [reviewed in (18) ]. The C termini of Ubls are generally processed to expose the di-Gly and His 6 -Pup, SigE-His 6 , or E. coli "vector only" lysate on Ni-NTA agarose was incubated with recombinant Mpa ("input"). Fractions were separated by 15% SDS-polyacrylamide gel electrophoresis (PAGE) and visualized with Coomassie Brilliant Blue (CBB). The same samples were analyzed by anti-Mpa immunoblot (IB, below). (C) Pup interacted with FabD in an Msm two-hybrid system. Msm was transformed with combinations of plasmids encoding either of the two domains of murine dihydrofolate reductase, F(1,2) ("plasmid 1") or F(3) ("plasmid 2"), fused to Pup, FabD, GCN4 (a Saccharomyces cerevisiae leucine zipper domain), or no other protein (for plasmid details, see fig. S1B and table S1). Positive interactions permitted growth on trimethoprim (Trim) ("+"). Pup had weak interactions with GCN4 (f, l). All strains grew on media lacking Trim ( fig. S1B ). (D) Pup formed a stable complex with FabD in Msm. FLAG-tagged proteins were enriched from equal amounts of lysates of Msm with plasmids encoding FLAG-FabD and either empty vector or His 6 -Pup. Untagged FabD was the negative control. Samples were separated by 12% SDS-PAGE, and analyzed by anti-FLAG or anti-His 5 immunoblotting. FLAG-FabD migrated at the predicted size (arrow, left) and at a higher molecular size (fig. S3A) ; the~45-kD anti-His 5 -reactive protein (asterisk, right) is only seen in mycobacteria producing FLAG-FabD and His 6 -Pup.
then activated for conjugation to substrate proteins through a series of enzyme-catalyzed reactions [reviewed in (19) ]. The terminal Gly of ubiquitin is essential for the formation of an isopeptide bond with the Lys of a substrate [reviewed in (8) ].
Consequently, we used tandem affinity chromatography to purify FLAG-FabD~His 6 -Pup (Fig. 2B ) and characterized the interaction using mass spectrometry (MS) (20) . MS analysis of ubiquitylated substrates typically identifies substrate peptides with the tryptic Gly-Gly ubiquitin fragment covalently attached to a lysine (20) . Our MS analysis confirmed the presence of both Mtb proteins and, given the Pup C-terminal sequence (Gly-Gly-Gln; Gln, glutamine), we performed a high-resolution tandem MS/MS search allowing for either a Gly-Gly or Gly-Gly-Gln modification of FabD (Fig. 2C) . This analysis revealed several spectral matches to a FabD tryptic peptide with the Pup C-terminal sequence attached through an isopeptide bond to Lys 173 of FabD. The precursor mass deviation (∆M), however, suggested a deamidation event (∆M = +0.984), pointing to a probable Cterminal Gln→Glu conversion. This result showed that the Gln following the di-Gly of Pup was not removed. We then purified unconjugated His 6 -Pup from E. coli and Msm, digested the protein with Asp-N protease, and analyzed peptides by MS/MS. Using the raw intensity data, we estimated roughly a 1:10 ratio of deamidated Gln:Gln at the Pup C terminus when purified from E. coli (Fig. 2D) . In contrast, the deamidated form dominated by two orders of magnitude in Msm, strongly suggesting that enzymatic activity was responsible for the conversion of Pup into its active form. Thus, deamidated Pup was covalently bound to a specific Lys residue of an Mtb proteasome substrate in a manner analogous to the conjugation of ubiquitin to eukaryotic proteasome substrates.
FabD and other Mtb proteasome substrates accumulate in mpa and pafA mutants (7) . If Pup, like ubiquitin, targets proteins for degradation, pupylated FabD should also accumulate in these mutants. FLAG-tagged FabD abundance was increased in the mpa and pafA strains compared to wild-type (WT) Mtb (Fig. 3A) . We detected Pup~FabD in WT Mtb, and an accumulation of this species in the mpa mutant (Fig. 3A) . We also observed Pup~FabD in WT samples using FLAG-specific antibodies (Fig.  3A) . Pup~FabD is present at extremely low steadystate amounts, suggesting that the transition from an unpupylated to a pupylated state is a tightly regulated process, like that of Ubl conjugation (19, 21) . Unexpectedly, Pup~FabD was undetectable in the pafA strain (Fig. 3A) , despite the accumulation of unpupylated FabD.
Similar observations were made for another
Mtb proteasome substrate, PanB (ketopantoate hydroxymethyltransferase) ( fig. S6A ), but not for DlaT (dihydrolipoamide acyltransferase) (Fig. 3A) , which is not a substrate (7). Therefore, PafA is involved in pupylation, a process that seems to be specific for Mtb proteasome substrates.
If Pup acts like ubiquitin, then multiple pupylated proteins could exist in Mtb. Immunoblot analysis with a Pupspecific antibody against soluble proteins from WT and mpa Mtb strains revealed a ladder of proteins (Fig. 3B) . Again, no anti-Pup reactive bands were observed in the pafA sample (Fig. 3B) , implying that this phenomenon extends to all targets of pupylation within the limits of detection. We were unable to detect the unconjugated form of Pup, suggesting that most Pup molecules are conjugated to substrates at steady state, or are rapidly degraded by an unidentified protease. Because pafA is in an operon with pafBC, we also tested pafB and pafC mutants for substrate pupylation (Fig. 3B) . The extent of pupylation did not differ between the WT strain and the pafBC mutants, confirming that PafB and PafC do not seem to be involved in substrate degradation (22) .
Our data suggest that PafA-dependent pupylation of Lys 173 leads to the degradation of FabD. To test this hypothesis, we followed the stability of purified 35 S-labeled FLAG-FabD- 2+ precursors T3 ppm). In E. coli, deamidated Gln was detected at a low abundance (~10%), whereas in Msm, the C-terminal Gln deamidation predominated. Q* denotes a deamidated Gln, equivalent to Glu. See fig. S5 and (10) for additional details. Amino acid residues: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His; K, Lys; L, Leu; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
K173A-His 6 from WT Msm. The K173A mutant was markedly more stable than WT FabD (Fig. 4, A and B) , providing further evidence that pupylation is a signal for degradation. We then purified radiolabeled His 6 -pupylated proteins from WT and mpa-deficient Msm and observed the disappearance of these proteins over time in WT but not mpa-deficient bacteria (Fig. 4C and fig. S7 ). Thus, Pup covalently conjugates to a specific Lys of an Mtb proteasome substrate, and pupylated proteins are degraded in an Mpa/proteasome-dependent manner ( fig. S8 ).
There are similarities between the ubiquitin and Pup systems, but there are also notable differences. Unique aspects of pupylation may include the mechanism of Pup activation and conjugation to substrates, the chemistry involved in the linkage of Pup to Lys, and the involvement of PafA. We speculate that PafA plays a part in conjugating Pup to substrates, but this idea requires further investigation. Additionally, it remains to be determined if proteins can be polypupylated in Mtb.
Aside from a role in protein degradation, Pup and other small protein modifiers may have important implications for other cellular processes in bacteria. Considering the multitude of activities coordinated by ubiquitylation or SUMOylation in eukaryotes (19, 21) , prokaryotes may also use posttranslational protein modifiers for functions ranging from subcellular sorting to secretion. S-methionine and cysteine. Samples were collected over time and FLAG-FabD-His 6 (WT or K173A mutant) was purified and analyzed by 10% SDS-PAGE (10) . This image represents a 12-hour exposure. A 6-hour exposure of the same gel is shown in fig. S7A . Immunoblot analysis showed that the K173A mutant was also not efficiently pupylated ( fig. S7B). (B) Quantification of labeled protein in (A). (C) Pupylated proteins were degraded in an Mpa-dependent manner. WT and mpa mutant Msm were treated as in (A) and His 6 -pupylated proteins were purified and analyzed. Total 35 S protein labeling is shown in fig. S7C . All data are representative of at least two independent experiments. Samples were deliberately overloaded to detect pupylated protein and observe the relative amounts of unpupylated versus pupylated FabD. Anti-FLAG immunoblots of Ni-NTA eluates detected both unpupylated (arrow) and pupylated (asterisk) FLAG-FabDHis 6 . Anti-Pup immunoblots of the same samples detected Pup~FLAG-FabD-His 6 (asterisk) in WT and mpa Mtb but not in the pafA strain. As a control, FLAG-DlaT-His 6 was purified from WT Mtb. Anti-FLAG immunoblots detected a protein at the predicted size of FLAG-DlaT-His 6 , but no pupylated species was detected. Ponceau S staining shows that protein is present on this membrane ( fig. S6B ). (B) Multiple pupylated proteins were present in Mtb, but not in a pafA mutant. Anti-Pup immunoblots of Mtb lysates from WT, mpa, pafA, pafB, and pafC strains. Equivalent cell numbers were analyzed and the same blot was used for detection of endogenous DlaT. All samples were separated by 10% SDS-PAGE.
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